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Estuaries are an essential part of the coastal ecosystem which has a large impact on 
human and aquatic environments. Saltwater intrusion and mixing are the major factors 
which influence the existence and distribution of the organisms in estuaries. The 
saltwater intrusion and mixing are affected by the freshwater discharge, tidal range, and 
topography. Many studies have carried out using field measurements, analytical models, 
and numerical simulations in real estuaries to understand the behavior of saltwater 
intrusion and mixing types. These studies provide specific knowledges of the saltwater 
intrusion in the studied area with a combination of several factors such as geometric 
effects, freshwater discharge, tidal range, and weather forcing. However, it is necessary 
to understand the effect of the individual factors of an estuary on saltwater intrusion and 
mixing type to construct generic knowledge applicable to arbitrary estuaries. So far, 
there are few studies focused on the individual effect of freshwater discharge, tidal 
range, and topography on saltwater intrusion and mixing types in more generic 
environments. Hence, in this study, numerical simulations were carried out in a 
conceptual estuary using a three-dimensional hydrodynamic simulator, Fantom-Refined, 
to understand the effect of the controlling factors individually on saltwater intrusion and 
mixing types. First, calibration and validation of the model were carried out using the 
measured data in the Chikugo River estuary, Japan. Then, a mixing index was proposed 
to classify the mixing type of the saltwater intrusion and discussed with numerical 
results using conceptual estuaries and observed data. 
Chapter 1 is the introduction that provides the research background, importance, 
and major objectives of the study. Previous studies about saltwater intrusion using 
different methods are also reviewed. 
Chapter 2 is the methodology that provides information about the three-dimensional 
numerical model (Fantom-Refined), study area, and analysis of data. A local mesh 
refinement technique was used for the horizontal gridding. A conceptual estuary was 
constructed to simulate the saltwater intrusion under idealized conditions with varying 
topography and extract the effect of target factor independently. This chapter also 
contains the overview and numerical setup of the Chikugo River estuary that includes 
initial and boundary conditions. The model was used to investigate the effect of grid 
resolution on saltwater distribution with 20, 40 and 80 m grid resolutions. Further, the 
parameters to quantify the salinity intrusion length (SIL), salinity interface gradient 
(SIG), tidal and gravitational fluxes were described. The mixing index defined as the 
ratio of tidal flux to the gravitational flux per unit width, is proposed to classify the 
mixing type. Data of estuary length, depth, tidal range and mixing type for real estuaries 
around the world were collected from the literature to validate the proposed mixing 
index. 
Chapter 3 is the calibration and validation for the employed model, Fantom-Refined 
with measured data in the Chikugo River estuary. The simulated water level and salinity 
distribution were compared with the measured data. The SIL and SIG estimated from 
both simulated and measured data were compared. The model accuracy was quantified 
using the correlation coefficient, regression coefficient of determination, root mean 
square error, and mean average error. All the compared data and error metrics 
represented that the model accurately simulates the saltwater distribution in the estuary. 
Further, the horizontal distribution of salinity and effect of horizontal grid resolution 
on the saltwater distribution were investigated in the Chikugo River estuary. The results 
revealed that horizontal distribution of surface and bottom salinities could be 
significantly affected by the narrow meanderings and multi-branches. The analysis of 
horizontal grid resolution revealed that the ratio of grid size to the channel width should 
be less than 0.1 at minimum-width of the channel in order to get the good results. This 
is due to the accurate representation of the thalweg, especially for its connectivity along 
the estuary or higher accuracy in numerical scheme with finer grid. 
Chapter 4 is the results and discussion that explains the behaviors of saltwater 
intrusion in conceptual estuaries and the classification of the mixing type using the 
mixing index. The results indicated an increase in freshwater discharge resulted in rapid 
decrease of SIL for microtidal estuaries, which was nearly 40% and 60% more than that 
of the meso and macrotidal estuaries respectively. Further, the SIL was decreased with 
the increase in tidal range first and mixing type changed from stratified to partially 
mixed, and then SIL increased and mixing condition was changed to well mixed. For 
the topographic effect, SIL was decreased up to 15% with increase in bed roughness 
compared to the flat bottom and there was not much change in mixing type. For the 
planform shape, the effect of the volume contraction in the upstream has a significant 
effect on SIL and mixing type in the funnel shaped estuary compared to the straight 
channel.  
Finally, the applicability of mixing index was examined against observed mixing 
type of 80 estuaries in Japan and 26 estuaries in the world. It can classify the 70% of the 
80 estuaries in Japan, and 90% of the 26 estuaries in the world. The advantage of the 
mixing index is that, mixing type in estuaries can be classified even with the limited 
data as it does not use the freshwater discharge directly and is obtained only from the 
estuary length, depth, and tidal range. 
Chapter 5 provides the summary of the main conclusions of each chapter and future 
issues. 
